 Bolts mating with nuts of higher class can lead to a higher probability in failure  8.8 structural bolts mating with bright nuts failed by thread stripping  In the numerical simulation, influence of different material laws was small  Some discrepancy in load-displacement relationship can be observed  Numerical simulation was capable of representing the failure mechanisms -1 -
Introduction
In modern steel construction, bolted connections are commonly used for joining steel beams and columns of a steel-framed building, transmitting the loads from one steel member to another. Based on their stiffness, strength and rotation capacity, a classification system of flexible, semi-rigid and rigid connections has been proposed by Nethercot et al. [1] and Goto and Miyashita [2] . In these systems, the ductility of a connection (rotation capacity) has been used as a reference for its classification. The rotation capacity of a bolted connection depends on the deformation capacity of its components and the interaction between the individual components making up the connection [3] . During fire, structural performance of bolted steel connections may be unpredictable due to deterioration of material properties of the steel components, i.e. tensile strength and Young's modulus, affecting their interaction with each other.
Bolted connections are vulnerable to two failure mechanisms during fire or in a nonfire situation: thread stripping and necking of the threaded portion of the bolt shank [4, 5] . Thread stripping causes the reduction or loss of tensile resistance of structural bolts, which has been demonstrated in the experimental tests of Kirby [6] and Hu et al. [7] . They also indicated that the performance of assembled bolts and nuts at high temperatures would be affected by factors related to the manufacturing process and the variation in tolerance classes. In general, the manufacturing process of 8.8 structural bolts may comprise several main stages: pickling, straightening, forging, threading, quenching and tempering, and finally coating. Manufacturing nuts normally involves hot forging operation, where steel rods are cut into small pieces and heated up to 1200 ℃. Then these pieces are punched into small hexagons and drilled to threads cutting. The threading operation may involve thread rolling or thread cutting, and the degree of fit between threads is determined by their tolerance class.
More than twenty metals and alloys may be employed for coating the threads of bolts and nuts to varying thicknesses, with the most common coating processes being zinc plating, galvanizing, Xylan coating and black oxidation (blackening). Laurilliard [8] points out that all coatings affect the performance of a bolted connection, physically and chemically. There are two basic issues associated with the performance of bolts affected by the coating method, hydrogen embrittlement and diametral over-tap (or thread over-tapping). Hydrogen embrittlement is a delayed brittle failure mechanism during static loading at stress levels well below the tensile strength of the material due to the presence of hydrogen absorbed and retained in the base metal during the coating process [8] . Major factors affecting the degree of hydrogen embrittlement in high-strength bolts and nuts have been summarized in the reference [8] .
Most 8.8 high-strength bolts and nuts have a plated zinc layer or a black appearance due to the coating process, which is capable of depositing a thin adherent metallic or non-metallic layer. In order to accommodate extra coatings, internal threads are commonly over-tapped by about 0.35-0.53 mm as bolt threads are never made undersized [9] [10] [11] .
In 1995, Kirby from British Steel developed an experimental program on grade 8.8 high-strength structural bolts in fire, studying their fire performance under shear and tension [6] . The most valuable finding in this research is a strength reduction model produced for structural bolts at high temperatures. Reference [6] also reported the failure mechanisms observed of structural bolts with different types of Property Class eight nuts. Hanus et al. [12] investigated the behavior of Grade 8.8 bolts under natural fire conditions (considering the influence of heating-cooling cycles), and found that the mechanical behavior was seriously affected by temperature variation during the heating and cooling phases. Lou et al. [13] completed an extensive series of fire tests on structural bolts (grades 8.8 and 10.9) to look into the after-fire performance. Different cooling conditions (cooling in air and cooling in furnace) were taken into account in Lou et al.'s research to produce the feasible reduction factors for bolts after fire. However, in the preceding research efforts, there are two substantial issues associated with bolt performance: the coating process and the constitutive relationship of the component material, that are not fully studied.
This paper begins with a brief review of the experimental research work completed on 8.8 high-strength structural bolts, with a discussion of their tolerance classes and component strengths. In reference to different specifications, a numerical model has been developed with consideration of influence of the coating operation and different material laws, investigating the failure mechanisms of high strength structural bolts with different coatings using a numerical approach. This paper also presents results of finite element simulations conducted to examine the various modeling techniques, and comments on the numerical results are provided finally.
Experimental program
In the published specifications, structural bolts may be ordered in accordance with British Standard (BS 4190), European Standard (BS EN ISO 4014), DIN Standard (DIN 976), or American Standard (ASTM 490); most of their provisions are consistent with ISO Standard (ISO 898). The launched experimental program for 8.8 high-strength structural bolts (to BS 4190 and BS EN ISO 4014) was intended to verify an approach (proposed by Kirby) that 8.8 high-strength bolts assembled with nuts of one property class higher are capable of preventing the premature failure at high temperatures [6] . The component tests have been carried out at the Structural Laboratory of the University of Sheffield. Looking into their failure mechanisms using the numerical approach is another objective after this experimental program. Experimental details are stated in the followed sections.
Test Specimens
The high-strength Grade 8.8 bolts are made from low carbon steels or alloy steels in accordance with BS 4190:2001 and BS EN ISO 4014:2001, followed by a quench and temper heat treatment to develop the required mechanical properties. They normally have proof stress ≥ 640 N/mm 2 and tensile strength 800~981 N/mm 2 , corresponding nearly to ASTM A490 and ISO 898. To fully discover the influence of helical threads, an experimental program was developed for structural bolts. They are ordered to BS 4190 (British Standard) and BS EN ISO 4014 (European Standard). It should be noted that different tolerance classes are stipulated for threads in these two standards. The European standard has a more stringent control in bolt and nut threads. In this program, structural bolts were partially-threaded and 100 mm long; structural nuts were prepared with two types, bright finish and black finish, for two different strength levels (Grade 8 and Grade 10, respectively). Accessible details of bolts and nuts are displayed in Table 1 for this experimental program. Br* = Bright finish (zinc plated), Ba* = Black finish (black oxide coating)
However, it should be noted that structural bolts or nuts ordered may have two types of coating conditions, zinc plating and black oxidation. As already known, coating of structural components is utilized for intention of creating an anti-corrosive layer to prevent oxidation and corrosion of these products under atmospheric conditions. There are more than 20 metals and alloys in use for coating of these components, but with varying coating thicknesses and coating processes. For examples, zinc plating and black oxide are the most commonly used approaches for deposit of the coating layer to threads. Black oxide is a low cost conversion coating where oxidizing salts are used to react with the iron in steel alloys to form magnetite (Fe3O4). This reaction produces a microscopic oxidation layer without affecting the dimensional aspects of internal and external threads (adding less than 5 to 10 millionths of an inch to the dimension of the surface), developing an attractive and durable anti-corrosion protection for these steel components. For better corrosion resistance steel fasteners can be electroplated for producing a shiny silver finish, with a sacrificial thickness layer in the component surface. As documented in the reference of Laurilliard [8] , fastener coatings may affect the behavior of these components in a bolted connection physically and chemically. There are two identified issues closely associated with the behavior of high-strength bolts with zinc-plated coatings: hydrogen embrittlement and diametral over-tapping. However, the hydrogen embrittlement will not be further discussed in this context, and more care will be given to the phenomenon of threads stripping possibly due to diametral oversize tapping.
In study of the premature failure of internal threads, we should recall the knowledge of tolerance classes in the literature [14] . Tolerance class describes the looseness or tightness (the degree of fit) of internal and external threads, represented as a figure and letter combination, the digital number indicating the tolerance and the letter standing for the fundamental deviation (or tolerance position), as shown in Table 2 . Thus, the minimum total clearance between corresponding dimensions of threads (including external and internal) is the sum of their fundamental deviations. The maximum total clearance is obtained by adding the thread tolerances to the minimum total clearance. However, it should also be noted that oversize tapping of nuts and internal threads to tolerance class 6AZ or 6AX is required for zinc coated fasteners in accordance with ISO 10684 [15] and ISO 965-5 [10] , when the mating bolts or screws or external threads are manufactured to tolerance position g or h in accordance with the specifications below. In the previous discussion, it is very clear that both internal and external threads may have tolerance classes applied to their basic profiles. However, the actual profiles of internal and external threads must never cross or transgress these basic (theoretical) profiles, which has already been taken as an essential principle in design of threads. As revealed in Table 2 , for threads with zinc coating, the oversize tapping created a fundamental deviation to make internal threads slightly larger to be capable of depositing a thin and adherent metallic layer on the material surface of bolts and nuts. For this purpose, internal threads may be reduced by 0.35 to 0.53 mm in their basic profiles in accordance with ISO 965-5 and ISO10684. In the accepted experience, the coating layer space gathered may be determined as eight times the coating layer thickness, and internal threads are commonly over-tapped by 0.4 mm. For example, if assuming that the coating layer thickness is 48 microns (this value is an average of the collected zinc coating thicknesses, mechanical plating requiring 55 microns, zinc spraying 48 microns and hot-dip galvanizing 43 microns), the coating space required is about 0.38 mm (eight times of the coating layer thickness), which is just fitted into the minimum clearance between internal and external threads, as the provisions in the above mentioned standards. However, the zinc coating layer may further weaken threads of nuts mechanically or chemically, which might lead to higher possibility in premature thread stripping failure of bolt assemblies, which is an essential reason for us to look into it.
Test device and test procedure
For testing of 8.8 high-strength bolts, a high temperature testing chamber was built to accommodate a compression-and-tension testing machine, and thermo-couple wires were attached to the specimen, as shown in Fig.1 . The tension tests were carried out under displacement control with a strain rate of 0.001-0.003 /min for both elastic and plastic regions, recommended by Kirby [6] . Each specimen was heated up to a target temperature, maintained for 15 minutes for stabilization to establish a uniform temperature distribution. A slow heating rate of 2.5 ℃/min was adopted for all fire tests, which exerted a small influence on the ultimate load-carrying capacities due to a prolonged "soaking" period [6] . For material properties, tension tests were carried out in accordance with BS 3688-1 on round specimens machined from 8.8 high strength structural bolts. The dimensions of the specimens used for these tests are in accordance with EN 10002-5 and ISO 6892-1. The gauge length was 25 mm. An INSTRON 8862 high-precision actuator system was used for tensile coupon tests, and calibration was completed before testing. The tension test was performed at a strain rate of 0.001/min to provide proof strength values up to 5%, beyond which the strain rate was raised to 0.025/min and maintained until fracture. Three specimens were tested at room temperature. 
Test results at room temperature
The results of the room temperature tests on 8.8 high-strength structural bolts are shown in Fig. 2 . The bolts are arranged in order of their number designations shown in Table 3 . It can be found from the tests that structural bolts assembled with Property Class 10 nuts mostly failed by necking of the threaded portion of the bolt shank, while those with Property Class 8 nuts by thread stripping.
It should be noted that the failure mechanism might have been influenced by the coating process of nut threads. The Class 8 nuts were coated with a zinc layer, while the Class 10 nuts had a black oxidation coating to prevent corrosion [17] . The threads of nuts with zinc coating are believed to be over-tapped by a certain amount in thickness (about 0.4 mm [9] ).
Johnson [18] recommended the clearance 6AZ6g for structural bolts and nuts with zinc coating plus an extra thickness reduction of 0.066 mm for placing a zinc layer in threads. According to BS 3643-1 [19] , ISO 10684 [15] and ISO 965-5 [10] , the basic profiles for hot-dipped galvanized bolts and nuts may adopt 6AZ6g or 6AX6g as tolerance classes for internal and external threads. In addition to this, the British standard BS 4190 [11] indicates that when a thick protective coating is applied to a bolt of Grade 8.8 or 10.9, internal threads are required to be over-tapped to all for the extra coating thickness. The over-tapping process suggests that nut threads with zinc coatings may fail under the bolt tensile loading, as shown in the lower half of 
Test results at high temperatures
A total of thirty-six bolts were tested under temperatures ranging from 20 ℃ to 600 ℃, and their failure loads are plotted in Fig. 3 . All bolts collected in Table 4 failed by bolt breakage, with the only exceptions of BOLT18 and BOLT19 by thread stripping. It can be seen that there was a drastic reduction in the failure loads at high temperatures, which was consistent with the finding of Kirby [6] . Importantly, the present experimental program found that using a nut one property class higher than the Grade 8.8 bolt did not always avoid failure by thread stripping, although it did so for most specimens as stated previously. The coating operation for components in groups A and B is black oxidation. A possible reason is the variation in the material properties and the temperature distribution among the components. In simulation of bolt performance in tension, the simplified approach was applying a two-dimensional FE model to represent a three-dimensional problem [20] . However, this simplification would result in stacking an appropriate number of threads in the threaded portion for the FE models, unable to catch helical effects in external and internal threads, e.g. loosening phenomena of bolted joints. Therefore, Fukuoka and Nomura [21] highlight that, when analyzing the mechanical behavior of bolted connections with three-dimensional analysis, it has been a common practice to use helical thread models for the threaded portion of bolts with asymmetrical geometry. The general details on geometrical dimension for a single fastener are illustrated in Fig. 4 . In addition, as presented in the research work of Kirby [6] and Hu et al. [7] , tolerance classes (the degree of fit) and over-tapping processes (for accommodating the extra zinc coating layer) may have an impact on bolt performance in tensile failure. Hence, internal and external threads have been set up for producing thread difference of tolerance classes in the numerical analysis. General details on tolerance classes for high strength hexagonal bolts are determined in accordance with specification of BS 4190 [11] , BS 3692 [22] and BS EN ISO 4014 [23] for the proposed helical thread model. Thread profile details are available in the specification of BS 3643-1 [19] and ISO 965-5 [10] , as collected in Table 5 . In addition, these standards (BS 3643-1 [19] , ISO965-4 [24] and ISO 965-5 [10] ) also present the specified tolerance classes for internal threads to mate with external threads without and with a heavy coating layer. In the standards, tolerance class is defined as a number and letter combination for indicating the degree of fit between internal and external threads, as shown in Fig. 5 . The British standard [11] accepted the tolerance class 7H/8g as the specification, while the European standard [23] attempted to achieve a closer fit for bolt and nut threads, adopting 6H/6g in the standard. In addition, for protection of bolt threads, a thin, adherent uniform metallic layer (normally zinc-based) has been accounted for in the ISO standard through fundamental deviations, EIAX or EIAZ (tolerance position), for addressing a problem in reduction of thread size due to the over-tapping process, and the calculation method has been specified in the same ISO standard, with 6AX and 6AZ representing tolerance classes for internal threads. The thread profiles calculated for internal and external threads, comprising the maximum and minimum values for major, pitch and minor diameters, are available in Table 5 for their corresponding tolerance classes. In addition, the tolerance positions of threads are also demonstrated in Fig. 5 , with 6H, 7H and 6AZ for nut threads and 6g, 8g and 6az for bolt threads. Fukuoka and Nomura [21] advised researchers to use some sophisticated functions of commercial software for effective modeling. The mesh generation scheme proposed here may be executed with the help of commercial software e.g. Abaqus. The finite element mesh for a single bolt with its boundary conditions is illustrated in Fig. 6 , applying 3D continuum hexahedral elements in the numerical analysis, recommended by Sherbourne and Bahaari [25] . Regarding the numerical model shown in Fig. 6 , for the bolt cylinder, axial displacements are fully restrained at the bottom surface of a bolt, and the axial force is applied as a uniform displacement to a nut surface. For contact simulation, there are two formulations (small sliding and finite sliding) available for modeling the interaction between two contacting surfaces.
Comparison has been performed for small sliding and finite sliding, and it has been realized that the small sliding formulation is less expensive in computation than the finite element sliding approach [26] . Regarding contact friction, Fukuoka and Nomura [21] state that coefficients of friction μ are varied from 0.05 to 0.20. Coefficient of friction 0.15 is employed within this study. Master surfaces and slave surfaces are specified for internal and external threads, as illustrated in Fig. 6 . In addition, general details for integration methods, element types, contact formulations and applied displacements are collected in Table 6 for the simulation. 
Numerical integration methods
Implicit and explicit resolutions have fully integrated eight-node isoparametric brick elements (C3D8I) and reduced integrated eight-node isoparametric elements (C3D8R) applied in simulation of bolt performance respectively. As illustrated in the figure, fully fixed constraints are applied to the hexagonal head of a single bolt, using the coupling function, and a very small speed is uniformly added onto the nut component in the numerical analysis. For the implicit dynamic procedure, integration operator matrices must be inverted and a set of nonlinear equilibrium equations must be solved at each time increment [26] . The explicit integration approach is based on the forward Euler method, which means that numerical displacements or velocities are calculated in terms of quantities known at the beginning of each time increment. As a consequence of this, the global mass and stiffness matrices need not be formed and inverted in the numerical analysis, which means that each time increment is relatively inexpensive compared to the increments in an implicit integration scheme [26] . These numerical models were run on a high performance computing workstation, containing 32 GB of RAM and two Intel Xeon E5 Hex-core CPUs.
Implicit model details
The implicit FEM method presents a solution through a tedious calculation procedure using Newton-Raphson iterations for enforcing equilibrium of internal forces with external loads applied on a structural model. Its computational cost is dependent on calculation of successive tangent matrices for fully integrated solid elements (C3D8I) applied in the numerical simulation. They are lower-order quadrilateral continuum elements enhanced with incompatible deformation modes, which is capable of modification of incorrect stresses and overestimated stiffness, eliminating artificial stiffening through adding internal degrees of freedom to the elements, and eventually resulting in improvement of the bending simulation [26] . The contact behavior has been simulated by using the finite sliding interaction approach, which enables researcher to define contact constraints between two surfaces (master surface generally assigned to the stiffer body with a coarser mesh), allowing for arbitrary translations and rotations between these interacting surfaces [27] . For a converged solution, small amounts of contact stabilization are recommended for the simulation. In addition, the initial increment of 0.2% has been taken into account in the numerical simulation with the maximum allowable increment size set at 10% (according to the manual).
Explicit model details
In the explicit analysis, computational cost relies on calculation of a large number of successive time increments for reduced integration elements (C3D8R) adopted in the simulation. Unlike the implicit procedure, this algorithm is dependent on the explicit central difference integration rule. Accelerations are calculated at the beginning of the increment using the formula in 
The explicit integration procedure requires a conditional stability limit for the central difference operator, which should be derived in terms of the highest frequency max  and the critical damping max  in association with the aforementioned frequency in the system, as presented in Equation 2.
However, this stability limit may be approximated in terms of the material density  , the characteristic length of the smallest element e L and the Lamé constants  and  , as formulated in Equation 3.
As observed in this formula, the critical time increment is proportional to the size of the smallest elements and a very fine mesh may result in very small time increments, eventually increasing computation time. This time increment is also associated with the material density, which may be utilized for the mass scaling approach [28] .
For the explicit integration procedure, the general contact algorithm has been in use for demonstrating the contacting interaction between internal and external threads in Fig. 6 , which also adopted the finite-sliding formulation for nonlinear geometrical effects, including large deformations or large rotations. The frictional coefficient has been taken as 0.15 for contact pairs with a weaker enforcement of contact constraints through adopting the penalty contact algorithm, which is well suited for very general contact modeling.
As stated in the research paper of Adam et al. [28] , the explicit analysis may need an incredibly large number of time increments for the numerical model, leading to very long computation time for simulation of quasi-static problems (normally requiring more than ten seconds). The Abaqus documentation recommends two numerical techniques for faster solutions: a) time scaling and b) mass scaling. Time scaling is determined as increasing deformation speed to apply displacements and/or loads in a shorter time period, provided that material characteristics are independent of the rate of deformation. However, the mass scaling technique is heavily based on the principle in Equation 3 , artificially increasing the density of a numerical model to boost the minimum stable time increment. Nevertheless, higher densities might induce higher kinetic energy, if inappropriate values have been taken in the analysis.
To approach a quasi-static solution more efficiently, a very small speed has been applied onto nuts using a fifth-order polynomial function [27] . The quasi-static solution may be deemed to be attained, as the ratio of the kinetic energy and internal energy is lower than 10% in the numerical model.
Material laws
It has been a common practice that structural bolts and nuts are made from low alloy or carbon steels, whose Young's modulus and Poisson's ratio are 200 GPa and 0.3, respectively. Four different constitutive relationships, demonstrated in Fig. 7 , can be used to represent engineering stress/strain curves for bolt materials, proposed in the research work of Hu et al. [29] , Bahaari & Sherbourne [30] and Dessouki et al. [31] . The von Mises yield criterion is commonly applicable to the metal-based materials for prediction of the onset of yielding, and the behavior on further yielding is predicted by the associated 'flow rule' and hardening law. The bi-linear material model, shown in Fig. 7(a) , assumes the onset of yielding at the strain ε p corresponding to the proof stress, and simply uses the value of 5% as the ultimate strain for the bolt material. Bahaari and Sherbourne [30] presented a trilinear stressstrain model displayed in Fig. 7(b) . The yield stress is considered to correspond to a proof strain of 0.006 and the ultimate strength is presumed at a strain of 8ε p . Dessouki et al. [31] modified the previous trilinear stress-strain relationship for the bolt material, as illustrated in Fig. 7(c) , where the yielding strain is assumed as 3.0ε p, corresponding to the 'yielding' strength (0.67f u + 0.33f 0.2p ). The ultimate strength and strain adopted are the same as previously described. The final trilinear material model, as displayed in Fig. 7(d) , assumes a yielding plateau between ε p and 3ε p, and the ultimate strength is specified at a strain of 5% for the numerical analysis. 
Sensitivity study
The Abaqus documentation states that it is safe to assume that performing an analysis in a natural time scale will produce accurate static results for analysis of a real-life event. However, a dynamic procedure should be able to capture this process as well through increasing the loading rate in the solution so that the same physical event can be analyzed in a shorter time scale as long as the solution remains nearly the same as the static solution with insignificant dynamic effects. For analysis of bolt performance in tension, a sensitivity study has been carefully performed on the loading rates applied in both explicit and implicit integration procedures, which covers the loading values of 0.25 mm/s, 1mm/s and 5mm/s, indicated in Table 7 , for the numerical simulations. If the numerical integration procedure is quasi-static, work done by external forces is nearly equal to internal energy stored in a physical system. For simulation to achieve the static performance, the ratio of kinetic energy to internal energy was recorded throughout the simulation, plotted in Fig. 8(a) . As a generally accepted rule, the kinetic energy of the deforming material should not be observable throughout most of the simulation, not exceeding a small fraction (5% to 10%) of the internal energy, in which case the numerical procedure may be regarded as a quasi-static analysis. As illustrated in Fig. 8 , three different loading rates have been examined for identification of the applicable value for the analysis, and the load displacement curves are also plotted corresponding to each loading value. It has been observed in this figure that the value of 0.25 mm/s produces more reliable numerical results in analysis of bolt performance. The static analysis may be presumed in this case, as the kinetic energy after 0.5 s is smaller than 5% of the total internal energy. In addition, the load-displacement relationships illustrated in Fig. 8(b) demonstrate that a crimped curve for the loading rate of 5 mm/s produced observable dynamic effects in the analysis. In view of these arguments, the lower loading rates (1mm/s or 0.25 mm/s) may be recommended for the analysis following the sensitivity study.
In addition to studying the loading rates, the ratio of kinetic energy to internal energy has been derived from numerical simulations for different constitutive models and numerical procedures, as illustrated in Fig. 9 , which has been carefully examined throughout the loading process for achieving a reliable numerical procedure. In these plots, the energy of the deforming material observed from dynamic effects is not in excess of 5% to 10% of its internal energy throughout most of the numerical process. Therefore, the quasi-static analysis may be presumed after this sensitive study, following the statements in the preceding discussion.
When loading a bolt component, the initial stage, within 0-1s, is definitely a dynamic procedure. The dynamic response is therefore observed for the numerical simulation, with a sudden increase in energy ratio. Another point for the dynamic response is the component failure procedures, which is normally at the end of the numerical procedures. The near vertical lines in Figs. 8(a), 8(c) and 9, at the starts and ends of some simulation runs, demonstrate these effects. Failure of structural bolts in the simulation has been plotted in Fig. 10 , compared with bolt failure mechanisms in experimental testing. It is obvious that a consistency has been achieved in their failure mechanisms for structural bolts between numerical analysis and experimental testing, identified as necking of the threaded portion of the bolt shank for Group A and threads stripping for Group C. However, the numerical analysis is unable to declare the fracture mechanism for these components. Also, no failure criteria have been introduced into the numerical simulation. This study applied implicit and explicit time integration procedures for analysis of tensile performance of structural bolts using four different constitutive relationships.
The numerical results, collected in Table 8 , generally indicate that the ultimate capacities produced for bolts in Group A (average 200.1 kN) are relatively higher than the ones in Group C bolts (average 182.3 kN), which clarifies the impact of different failure mechanisms on the bolt capacities, caused by tolerance classes in bolt threads. In addition, the numerical prediction has been compared with the test average recorded in experiments. The numerical analysis slightly overestimates the ultimate capacities of high-strength bolts in practice. In addition, the numerical prediction has also been compared with the nominal value of 196kN, stipulated in European standard BS EN ISO 898-1 [32] . The nominal value from the standard is slightly higher than the prediction in numerical procedures for the bolts with the failure of threads stripping, and lower than the load capacities of bolts with the bolt shank failure from the numerical analysis.
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Load-displacement curves
For investigation of behavior of structural bolts, force-displacement relationships are taken into account as an evaluation index. Hanus et al. [12] highlighted two aspects which may affect the force-displacement curves. First, these force-displacement curves are not linear for low load levels, due to extra displacements induced from connection clearance, whereas the behavior of the steel material might still be elastic. Second, the test rig may deform in the experimental testing, and its elongation may contribute to the displacements taken from the referential points on the loading jacks in the machine [12] . Furthermore, an analytical approach has been recommended for reducing the 'noises' caused by the test rig deforming, and connection clearance may be removed through the pre-loading procedure. In this method, the test rig deformation may be regarded as in the elastic region during the complete testing. The elastic elongation of a bolt may be calculated based on Eurocode values allowing for a determination of the elastic stiffness of the test rig. As a consequence, the elastic deformation of the test rig can be taken away from the force-displacement curves, as illustrated in Fig. 11 . In experimental results of Hu et al. [16] , the force-displacement curves also included these deformations, which needs to be removed for deriving the corresponding forcedisplacement curves for Grade 8.8 structural bolts. The preceding method has been adopted to modify the force-displacement curves recorded from experimental tests, intended to remove the contribution of testing device deforming in these curves.
After numerous simulations, a comparative analysis was executed for different forcedisplacement relationships, with consideration of the constitutive material models already illustrated. Previously the simulation represented two failure mechanisms of structural bolts, and then their load bearing capacities were retrieved at the maximum limit. The force-displacement curves derived from both experiments and numerical simulations are illustrated in Fig. 12 . From these results, it must be very obvious that different failure mechanisms may be a primary reason in producing different limiting load capacities of structural bolts. After removing the deformation of testing device, the modified force-displacement curves received are in very good agreement with numerical outputs recorded. Apart from this, the analytical procedure proposed by Hanus et al. [12] has been proved to be effective in practice on processing the valuable test data.
(a) (b) (c) (d) Figure 12 : Study of force-displacement curves for different material models Previous discussion tends to be focused on comparison of force-displacement curves in numerical simulations and experimental data, adopting one material law. Nevertheless, influence of various constitutive models on bolt performance may be worthy of further investigation. As a consequence, the force-displacement curves produced from the numerical simulations considered different constitutive material laws, as illustrated in Fig. 7 . In accordance with the European standard (BS EN ISO 4014/4017), the yielding and ultimate loads (161 kN and 196 kN) are derived analytically for structural bolts, displayed in Fig. 13 . Then the numerical analysis has been performed through implicit and explicit integration procedures. From these numerical simulations, it can be seen that before the yielding limit (161 kN), forces and displacements recorded are almost identical for all the plotted curves in Fig. 13 . After the material yielding, the load-deformation relationships for Bilinear model and Trilinear model 3 are almost consistent in the numerical analysis. In a similar way, the plotted curves for Trilinear model 1 and Trilinear model 2 are in good agreement with each other in the displayed figure below. In addition to this, the numerical simulation discovered that the bearing capacity of a single bolt was highly dependent on its failure mechanism. The numerical models with bolt shank failure gave higher bearing capacities in comparison with the nominal value calculated from the standards. For bolts failed with threads stripping, the numerical models might underestimate the peak values in the analysis. 
Concluding remarks
In this study, research efforts were primarily focused on verifying an assumption, suggested by BS 4190 [11] and Kirby [6] , to prevent the premature failure of 8.8 structural bolts under normal and fire conditions. Failure of these components was observed for different tolerance classes from the coating operation after the experimental program. A number of findings can be summarized as follows:  Most 8.8 structural bolts mating with nuts of one property class higher can lead to a higher probability in failure with ductile necking of the threaded portion of the bolt shank  8.8 structural bolts mating with bright nuts failed by thread stripping, due to threads of nuts was over-tapped for the coating process  In the numerical simulation, different material models were taken into account for assessment of the mechanical performance of structural bolts under tensile loading. Influence of different material laws was small although some discrepancy in load-displacement relationship can be observed.  The numerical simulation was capable of representing the failure mechanisms of 8.8 high-strength structural bolts, confirming that failure of thread stripping was due to different tolerance classes introduced for the coating process.
